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CHAPTER 1 
I NTRODUCT ION 
Vo l t ag e  c o nt r o l l ed o s ci l l a t o r  c i rcu i t s ar e o n e  o f  
. 
t h e  mo s t  i mpo r t ant c i r cu it s  for mobil e rad i o  s e rvic e in 
the frequenc y rang e o f  8 0 0 - 1 0 0 0  MH z . I n  r e c e n t  ye a r s ,  
t h e y  are be i ng e xt e n s i ve l y  u s ed a s  a part o f  PLLs i n  FM 
de t e ct o r s  f o r  r ec e i ve r s  and as modu l at o r s  f o r  FM 
t r an s mi t t e r s  used in t h e s e  mob i l e  rad i o s .  The y  mu s t  have 
wi de tun i ng rang e ,  h ig h  output power,  l in e ar i t y, l ow pha s e  
no i s e and c i rcu i t  c o mp act ne s s . Si nc e this i s  a b oundary 
reg i on i n  whi ch d i s c r e t e  c omponents fai l t o  ope r at e  as 
s i mp l e  l umped s i ng l e - par ame t e r  e l emen t s ,  a de s i gn e r  h a s  t o  
make a careful cho i ce i n  mi xing as pect s  o f  d i s c r e t e  
c omponents and m i c rowave me t h ods and e l e men t s [l ] .  
The pr i me r y  obj e c t i ve o f  t hi s  r e s earch was t o  f i nd 
the e f fect o f  two i mp o rt an t  p ar ame t e r s ,  f
T 
and C c ,  o f  t h e  
t r an s i s t o r  o n  t h e  fe e db ac k  l i n e  l eng t h, s t ub l ine l en gt h� 
tun i ng c apac i t o r  and e xt e rn al Q o f  the c i r cu i t , in 
de s ig n ing a VCO .  
VCOs in t h i s  fr e quenc y rang e are no r ma l l y  de s i gned 
u s i ng e ither an FET or a BJT , as an act i ve devi ce . I n  t h e  
fo l l owi ng c h apt e r s ,  t h e  mode l bas ed pr e l im i ne r y  d e s i gn i ng 
proce s s  o f  a VCO i s  e xp l ai ned i n  deta i l ,  us i ng a BJT . 
The fir s t  s t e p  i n  t h e  p r o ce s s  was t o  de ve l op a 
b e t t e r  h igh frequenc y mode l o f  a BJT , s i nc e  the e xi s t i ng 
2 
mode l s  were inadequ at e  i n  e xpl ai n i ng the h igh f r e qu en c y  
beh aviour o f  t h e  BJT, es pec i al l y  t h e  t ran s i t  t i me and t h e  
nat u r e  o f  RC d i s t r ib u t i o n ,  wh ich cau s e  a del ay f r o m  
e mi t t e r  t o  co l l e c t o r .  An ext ens ive l it er atur e  s e arch 
res u l t ed in a mod el wh i ch acc o un t s  f o r  t h e  n at u r e  o f  t h e  
RC d i s t r ibut i on . 
The s ec ond s t e p  was t o  ve r i f y the val idit y o f  t h e  
model . One way o f  ver i f ying was t o  cal cu l at e  s c at t e r i ng 
o r  admi t t ance par amet er s o f  t h e  t r an s is t o r  num e r ic al l y  
f r o m  the mode l and c o mpar e them with t h e  _ meas u r ed 
s c at t e r ing o r  admi t t an c e paramet e r s  of the t r an s is t o r ,  
wh i ch are n o r mal l y  l i s t e d  i n  t h e  manu f ac t ur e r s  dat a 
s h e e t s . 
The th i rd s t e p  was t o  f ind the parame t e r s  o f  t h e  
bas i c  o sc il l at o r  c i rcu i t . Th e bas ic o s c ill at o r  c i r c u it 
h as a BJT, 
ph as e  shift 
susc ept an c e .  
a feedbac k  t r an s mi s s i on l ine t o  g i ve a 
and a s t ub l in e  t o  g i ve z e r o  
Bo t h  l ine s ar e mi c ro s t r i p  e l e men t s .  
z e r o  
outpu t  
Th e 
f r e e- s pac e  equival en t l eng t h s  o f  the l i nes ar e f ound and 
u s ed. 
The fourth s t e p  was to inc o rporat e  a var ac t o r  f o r  
t h e  tun i ng o f  the o s c il l at o r  c ircuit. The var ac t o r  was 
t r ied at bo th i nput and ou t put o f  the c ircuit, and p l ac e d  
f o r  the bes t tun i ng r an g e .  
The fif t h  s t ep was t o  c alcul ate the tun i n g  r ang e 
and e xt e rn al Q o f  t h e  c ir cu i t .  
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To f ul fi l l  t h e  p r i mary obj ect i ve ,  a l l t he abo ve 
s t e p s  we r e  repeated f o r  s e ve r al t rans i s t o r s  
d i ffe rent f
T 
and Co val ue s .  
h avi n g  
CHAPTER 2 
HIGH - FREQUENCY MODHL OF A TRANS ISTER 
Th e h i g h  fre quency mode l o f  a t r ans i s t e r  i s  
no r mal l y  a h yb r i d  pi mode l . Mo s t  aut h o r s  e . g . [2 , 3 ] h ave 
us ed this mode l to e xp l ai n  t h e  h i gh fr e quency behavi o u r  o f  
a t r an s i s t o r . The s ch e mat ic d i ag r am o f  the mode l i s  s h own 
in fi g . 2 . 1 .  
I n  fi g . 2 . 1 -
r i s  the fi nit e output r e s is t ance be twe en co l l ect o r  
ce 
C and e mit t e r  E 
r
b'c 
is th e fe edback r e s is t o r  be tween co l l e ct o r  and 
i nt e rnal bas e node B'. 
r
bb' 
i s  the b as e  s p r e ading r e s i s tan ce b e twe e n  
e xt e rnal bas e  node B and i n t e rnal bas e  node . 
r
b
, i s  t h e  i nput r e s i s t an ce be twe en i n t e r nal bas e  . e 
node and the e mi t t e r . 
C c  i s  the output capaci t ance be twe en the co l l e ct o r  
and t he i n t e rnal bas e  node . 
C e  i s  the inpu t capaci t an ce be twe en the i n t e rnal bas e  
node and the e mi t t e r . 
S ome o f  the appr o ximat i on s  made i n  an al ys i ng t he 
behavi our o f  th i s  mode l ar e as f o l l ows [4 ] -
1 )  The input resistance rb'e I t  i s  as sumed that 
is mu ch g r e at e r  t h an r
b 'e
· He nce t he bas e  cur r e n t  Ib 
5 
s• 





Fi g . 2.1 Hybri d  - p i  mo del  
Si nce i t  i s  as s umed t h at 
r es i s t ance i s  g i ven by 
o r  
h




b ' e 
r
bb'
= h i e  
- r
b' e 
= h . :te 
h
fe 
Vt /: I c: 
7 
, t h e  input 
4) The output res i s tor r 
ce 
Th i s  res i s t o r  i s  n o rmal l y  
defin ed i n  t er ms o f  o u t pu t  conduct ance g , wi t h  
ce 
inpu t 
o p en ci r cu i t ed .  I n  t erms o f  h - paramet e r s  i t  i s  g i ven as 
h 
o e  
Now for i nput open ci r cu i t ed, the co l 1ect or cur r en t  
i s  g i ven b y  -







Vb' e and 
g xh 
m r e  
h = I c/Vce o e  = 
(1 /r ) + 
ce 
+ 
A l s o  i f  1 /r = g ce ce 
1 /r




b' e = 
g

















r e  
Th er efo re h
o e  = 
g
e e  
+ ·g

















5) The output capac i tance Cc : Th is is t h e  meas ur ed 
co mmon ba s e  ou t put capaci t an ce wi th the i nput open. S in ce 
in the act iv e  reg i on ,  t h e  co l l ect o r  j unct ion is r eve r s e 
bias ed, Cc i s  defi n ed a s  t h e  t ran s it i on capacit an ce . Th e 
va l ue o f  C c  is normal l y  s p eci fied by the manu fact ur e r . 
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6) The capaci t an ce Ce : Th i s  r epres en t s  the s um o f  t h e  
em i t t er di f fu s i on c apac i t anc e C d e  and th e em i t t er j unc t i on 
c apac i tance C t e. Cde i s  u sual l y  l ar g er than C t e  f o r  a 
f o r ward - b i as ed emi t t er j un ct i on.  Heric e 
C e  = Cde + C t e  Cde = C i b  
wh er e C i b i s  t h e  meas u r ed c o mmon bas e i nput c apac i t anc e 
wi th the output open . 
W i th al l thes e  app r o xi mat i on s  i t  i s  v er y  di f f i cu l t  t o  
exp l ai n  t h e  h i gh - f r equenc y beh av i ou r  o f  a t r an s i s t o r  
accurat el y. 
Th e two mo s t  i mpo r t an t  f ac t o r s  t h at are no t exp l ai n ed 
by th i s  model are t h e  del ay t i me f r om em i t t er t o  c o l l ec t o r  
cal l ed the t r an s i t  t im e  and t h e  nature and d i s t r i but i on o f  
r
bb' 
and Cc . Th es e  ph enomena c ause phas e  s h i f t  i n  exc es s 
o f  the (max.) 9 0  o b t ai nab l e from r
bb' 
C e .  Th i s  is very 
i mpo r t ant i n  an o s c i l l at o r  wh i ch depends on phas e  s h i f t  
f o r  i t s  des i gn . 
One o f  t h e  mode l s  t h at c ou l d  exp l ai n  the t ran s i t  t i me 
as wel l as the d i s t r i b ut i o n o f  r
bb' 
and Cc i s  s h own i n  
f i g . 2 . 2  [5 ] . 
Th i s  model s h o ws a d i s c r et e  approxi mat i on t o  th e 
d i s t r i bu t ed RC t r an sm i s s i on l i ne wh i c h  the bas e c u r r e n t  
h as t o  m o v e  through b ef o r e  r eac h i ng the ac t i ve r eg i on o f  
the t r an s i s t o r , wh i c h  i s  t h e  em i t ter per i pher y .  Ho wever 
th e ef fect i v e  val ues o f  r
bb' 











e xp l a i n  the pe r f o r manc e  o f  t he t ran s i s t o r .  
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Thi s mod e l  
a l s o  i nc lude s t he b o nd i ng i nduc t anc e s  to t he ba s e  and 
e mitt e r .  The s e  induc t anc e s  b e c o me i mpo rtant a t  ve r y  hig h 
r ad i o f r e quenc i e s ,  wh i c h  wi l l  be s hown i n  the l at e r  
c hap t er s .  The r e  are two fi g u r e s  o f  me r i t  fo r the b ip o l ar 
tran s i s t o r  whi c h  are r e l at ed i n  te r ms o f  the e f f e c t ive 
va l u e s  o f  the RC di s t r ibut ed l ine, g i ve n  by -
= whe re 
f is t he frequenc y at whi c h  uni l at e ra l  ga i n  be c o me s  
max 
un ity and f
T 
i s  t he f r e quenc y whe re the s ho r t  circuit CE 
current ga i n  hfe appr o ximat e s  un i t y. I t  is d e t e r mi rted b y  
the de l ay t ime f r o m  e mi t t e r  t o  c o l l ec t o r ,  u s ing the 
e xpr e s s i on 
f
T 
= 1 /(2 TT T e e) 
whe r e  T e e  i s  the t r an s it ti me g ive n by -
Tee = Tb + Td wher e  
Tb i s  t he bas e tran s it ti me and 
Td i s  the c o l l ec t o r  dep l e t i o n l aye r de l ay t ime . 
Thoug h thi s mode l e xp l a i n s  the pe r formanc e  o f  th e 
t r an s is to r  to a l ar g e r  e xt en t, it s t il l  does no t ac c ount 
f o r  the paras it ic r e s is t anc e s  as s oc i ated wi t h  t he l e ad s .  
The s e  r e s i s ta nc e s  d o  p l ay a n  impo r t ant r o l e  in t he 
per f o r manc e o f  the trans is t o r . A mode l  whic h is de ve l oped 
ba sed on t he mode l  s ho wn in fig . 2 . 2  and take s  t he 









Fig.2.3 Model with base-collector delay line, lead inductances 
and parasitic resistances. 
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The i mpo r t anc e of the s e  r e s i s t anc e s  wi ll be s hown in lat e r  
c h apt e r s . 
CHAPTER 3 
PARAMETERS OF A TWO PORT NETWORK 
1 )  SCATTERING PARAMETERS 
A g ene r al b l o ck d i ag r am o f  a t wo po r t  n e t wo rk i s  
s h o wn in fi g.3 . 1 .  I n  t h e  fi gure port 1 i s  t h e  i npu t po r t  
and por t 2 · i s  t h e  o u t pu t  p o r t, a
1 
is t h e  incide nt wa ve at 
port 1 and b
1 
is the r e fl e ct ed wave at po r t  1 ,  a
2 
i s  t h e  
i nci dent wave at po r t  2 and b
2 
i s  t h e  re fle ct ed wave at 
port 2 .  I n  t e r ms o f  t h e s e  i n ci dent and r e fl e ct e d  wa ve s 
the Scat t e r i ng pa rame t e r s  o r  S p arame t e r s  o f  a two p o r t  
ne t wo r k are g ive n b y  : 
?
1 
= 81 1 a
1 
+ 81 2 a
2 
( 3 . 1 ) 
b
2 
= 82 1 a
1 
+ 82 2 a
2 
( 3 . 2 )  
Fr o m  the abo ve s e t  o f  e quat ions , the d i ffe r e n t  s 
par ame t e r s  can be de fi n ed as fo l l ows 
a = 0 ,  is the i nput r e fl e ct io n  
2 
coe ffici en t with output prope r l y  t e r minat ed. 






= 0 ,  is the forward t r an s mi s s ion 
coe ffi ci ent with output pr ope r l y  t e r min ated . 
a
1 
= 0 ,  is the out put refl e ct i on 
co e ffi cient wi th i npu t p r o pe r l y  t e rminat ed .  






= 0 ,  i s  the reve r s e  t ran s mis s ion 
co e ff i cient with inpu t p r o pe r l y  t e rminat ed. 
I t  can be s e en fro m  t h e  abo ve de fin itions o f  the S 
parame t e r s  that th e s e  par ame t e r s ·  are me as ur ed u s ing a 
1Q1 
� al -











Fig.3.1 Block diagram of a two port network to calculate 
S parameters . 
....----------... . 4!---- 12 
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Two port network 
Fig.3.2 Block diagram to calculate Y parameters. 
Two port network 
Fig.3.3 Block diagram to calculate Z parameters. 
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matched te r mi na t i on .  F o r  e xa mp l e , t o  me a s u r e  Sl l ,  t h e  




i s  mea s u r ed a t  t h e  i nput p o r t  wi th t h e  ou tpu t  
po r t  pr ope r ly t e r mi n a t e d  with an i mp edanc e e qua l t o  t h e  
charac te r i s t ic i mpedanc e o f  the t rans mi s s i on l i ne. Th i s  
produc e s  a
2 
= 0 s i nc e  a t r a ve l li ng wa ve i nc i dent o n  t h e  
l oad wi l l  be t o tally abs o rbed and no ene rg y  wi ll b e  
r e t urned t o  the outpu t  p o r t .  Si mi l a r ly ,  to mea s u r e  S 2 2 , 
t h e  i nput po r t  i s  prope r l y  t e r mi na t ed with an imp e danc e 
e qual t o  the char ac t e r is t i c  i mpedanc e o f  t h e  t rans mi s s ion 
li ne wh ic h produc e s  a = 0 .  
1 
S o me o f  the advan t ag e s  i n  us i ng S par a me t e r s  are 
a s  f o l l ows [6 ] : 
a) The t e r mi nat i on i s  acc u r a t e  a t  h i gh f r e quenc ies s ince 
i t  is  po s s ible to bu i ld an accura t e  char ac te r i s t i c 
i mpedance l o ad. 
b) No tun ing is requ i red t o  t e rminate a devic e  in t h e  
charac t e r is t i c  i mpedance o f  t h e  s ys t e m  becaus e ,  i f  a 
charac te r i s t i c  impedanc e lo ad is p l ac ed at the end o f  the 
l ine , the de vic e wil l see th e charac t e r is t i c impedanc e 
r e g a rd l e s s  o f  l i ne l eng t h .  
c )  Broad band s wept f r e quenc y me asurement s a r e  po s s i b l e  
becau s e  t h e  de vi c e  wi l l  r e ma i n  t e rmi nat ed in 
. charac t e r i s t ic i mpedanc e as f r e quency chang e s .  
the 
d) Th e t e r mi nat i on enh anc e s  s t abil it y  s i nc e it p r o vide s  a 
powe r - ab s o rbing res i s t i ve te r mi na t ion that s t abil iz e s  many 
neg i t ive re s is tanc e devi c e s .  
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The S param et er s ar e n o rmal l y u s ed to meas ur e h i gh 
frequency par amet er s o f  t h e  t r an s i s t er .  Fo r measur i n g  t h e  
l o w  frequency paramet er s ,  adm i t t anc e ,  h ybr i d  o r  i mp ed an c e  
par amet er s  ar e n o rmal l y  u s ed. I n  t h e  f o l l o wi ng s ec t i on s  
adm i t t an c e  and i mp edan c e  par amet er s ar e expl ai n ed b r i ef l y .  
I t  i s  al s o  exp l ai ned wh y t h ey ar e n o t  s u i t ab l e  f o r  
meas ur i ng t h e  h i gh f r equen c y  paramet ers . 
2) ADMITTANCE PARAMETERS 
Th e adm i t t an c e  par amet er s o r  Y paramet er s o f  a t wo 
port net wo rk c an b e  der i ved- f r om t h e  b l oc k  d i agram s h o wn · 
i n  f i g . 3 . 2 .  I n  der i vi ng t h e  Y par amet er s , t h e  vo l t ag es 
are made i ndependen t var i ab l es . 
c u r r en t s  ar e g i ven b y  
I l  = Yl l Vl + Y12 V2 
!2 = Y2 1 Vl + Y2 2 V2 
Hen c e  the dependen t  
( 3 • 3 ) 
( 3 • 4 ) 
From th i s  s et o f  equat i on s  the Y ·paramet er s ar e 
def i ned as fo l l o ws : 
Yl l = I l /Vl : V2 = 0 ,  i s  t h e  s h o r t  c i rc u i t i nput 
-adm i t t anc e. 
Yl 2 = I l /V2 
t r an s fer adm i t t anc e .  
Vl = 0 ,  i s  t h e  s h o r t  c i rcu i t  r ever s e  
Y2 1 = I 2 /V1 : V2 = 0 ,  i s  the s h o r t  c i rcu i t  f o rward 
t r an s fer adm i t t anc e .  
Y2 2 = I 2 /V2 : V l  = 0 ,  i s  th e s h o r t  c i rc ui t o u t put 
adm i t t anc e .  
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A l th ough thes e  pa r am eter s are ea s y  to us e i n  
t h eo r eti c a l  c a l c u l ati o n s ,  they are not ver y  ea s y  t o  
measure abov e  4 00 MHz . Fro m  t h e  above def in i ti ons it i s  
c l ear that,  to mea s u r e  a n y  o f  the Y parameters , ei ther t h e  
i nput p o r t  o r  the outpu t po r t  h a s  to b e  short c i rcu i ted , 
wh i ch i s  ach i ev ed b y  p l ac i ng a l arge capac i t ance ac r o s s  
t h e  term i na l s o f  the po r t[7] . Th i s  method o f  obta i n i ng a 
s h o r t  c i rcu i t  i s  r ea s o nab l y  ac curate as l ong as the 
c i rc u i t  impedance is h i gh s uc h  as for a rever s e  b i a s ed 
c o l l ec to r  bas e  c i rcu i t ,  but i t  i s  not so good i ·f the 
c i rcu i t  i mpedanc e  i s  l o w  s uc h  a s  for a forward bia s ed 
em i t t er ba s e  c i rcu i t . A l s o , g et t ing a short that does not 
l oo k  i nduc ti v e ,  and has a wel l d ef i ned locat i on i s  mo re 
d i ffi cu l t  as th e tes t f r equen c y  i s  rai s ed .  
3 )  IMPEDANCE PARAMETERS 
Th e impedanc e  paramet er s  o r  Z paramet ers o f  a t wo 
po r t  net wo r k  c an be der i ved from the bloc k  diagram shown 
i n  f i g . 3 . 3 .  Th e curren ts a r e  made independent 
Hen c e  th e dependen t  v o l tag es a r e  g i ven by : 
Vl = Zll I l  + Z1 2 !2 
V2 = Z2 1 I l  + Z2 2 !2 
From the above s et o f  equati ons , the z 
c an be defi ned as fo l l o ws 
variables . 
( 3 . 5 ) 
( 3 .  6 ) 
parameters 
Zl l = Vl /I l : 
i mpedanc e. 
I 2  = 0 ,  i s  t he open circui t input 
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Z1 2 = Vl /I 2  I l  = 0 ,  i s  the open c i rc ui t  r ever s e  
t ran s f er i mpedance . 
Z2 1 = V2 /I l I 2  = 0, i s  the open c i r cui t f o r ward 
tran s f er i mpedanc e .  
Z2 2 = V2 /I 2 I l  = 0, i s  t he open c i rc u i t o u t p ut 
adm i t tance . 
Th es e par amet er s c an al s o  be c al c ul ated ac c urat ely 
i n  th eo r y  but f o r  pract i c al meas uremen t s  we h ave t h e  s ame 
d i s advan t ag es as n o t ed in t h e  remark s  on Y parameter s .  
That i s , for meas ur em en t s  o f  open c i rcui t i mpedan c e· 
paramet er s , an open c i rc ui t  i s  r equi r ed f o r  t he s i g n al 
c u r r en t s  but n o t  the de c u r r en t s  s i nc e  th e devi c e  mus t  b e  
proper ly b i as ed .  Hen c e  an o p en c i rc ui t  for s i gnal c ur r en t  
i s  obtai n ed b y  i n s er ti n g  a l ar g e  i nduc tanc e i n  s er i es wi t h  
th e c i rcu i t  t o  be open ed [8 ] .  Th i s  meth od i s  adequat e i f  
the c i rcu i t  i mpedanc e i s  al r eady smal l bef o r e  t h e  
i nduc tance i s  added as in t h e  c as e  o f  forward bias ed 
em i t t er bas e  j unc t i on but t h i s  c ondi t i on i s  h ard l y  
s at i s f i ed for a rever s e  b i as ed c o l l ec t o r  bas e j unc t i on 
wh o s e  impedanc e i s  ver y h i g h . -
S PARAMETERS OF A MICROWAVE TRANSISTOR 
Th e per f o rmanc e o f  mo s t  m i c r o wave t r an s i s t o r s  i s  
g i v en i n  t erms o f  S par amet er s . Hen c e  i n  th i s  s ec t i on t he 
vali d i ty o f  th e h i gh f r equen c y  model i s  tes t ed b y  
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c al c u l at i ng numer i c al l y  t h e  S p ar amet ers of the t r an si st o r  
and c ompar i ng t h em wi th t h e  pub l i sh ed data. 
The model i s  t h e  same as sh own i n  f i g .2 .3 and i s  
r ep eat ed f o r  c o n ven i en c e  i n  f i g .3 .4 .  In t h e  f i gu r e  R1 , 
R2, R3 , C 1 , C 2 ,  C 3  and C 4  desc r i bes the RC di st r i bu ti o n .  
1 1  and ! 2  are t h e  i nd ependen t  c u r r ent sou r c es and gm V p  i s  
the dependent curren t  sou r c e. 
Per f o rm i ng t h e  n odal anal ysi s the fo l l o wi ng 
equat i ons ar e obt ai n ed f o r  t h e  cur r en t s  en t er i ng o r  
l eaving the nodes , i n  t h e  vec to r - mat r i x  form 
!1 V 1  
!2 V 2  
0 V3 
0 [ M ] V4 
0 V 5  
0 V6 
0 V7 
wh ere M i s  a 7 x 7 mat r i x  g i ven b y  
1 /(Rb+j wLb) 0 - 1 /(Rb+j wLb) 0 0 0 0 
0 (1 /R4 +j w(C 1 +C 2+C 3 +C 4 )) - jwC l - j wC 2  - j wC 3  gm- j wc 4  -gm 
- 1 /(Rb+j wLb) - j wC l  (1 /(Rb +j wLb)+l /Rl+j wC 1 )  - 1 /R1 0 0 0 
0 
0 
- j wC 2. - 1 /Rl (1 /R 1 +1 /R2+j wC 2) - l /R2 0 0 
0 - j wC 3  0 - l /R2 (1 /R1 +1 /R2 +j wC 3 )  - 1 /R3 
0 - j wC 4  0 0 - 1 /R3 (l/R3 +1 /Rp+j w(Cp+C 4 )) (- 1 /Rp- j wCp) 
0 0 0 0 (- 1 /Rp- j wCp - gm) (1 /Rp+gm+j wCp+l/(Re+j wLe)) 
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In terms o f  i ndep enden t  currents ,  the d ependen t  





From ear l i er def i n i ti on s  i t  c an be seen th at th e 
f i r st two r o ws o f  t h e  abo ve � qu at i on are equ i val ent to t h e  
-1 
Z paramet er def i n i ti on s  an d [ M ] g i ves the Z par am et er 
valu es i n  i t s f i r s t  t wo r ows and c o l umns. 
_1 
I f  [ M I  ] = [ M ] th en 
M I [ 1 ' 1 ] = Zl l 
MI [ 1 ' 2 ] = 21 2 
M I [  2 ' 1 ] = 221 
MI [ 2 ,  2 = Z22 
It c an al so be seen t h at th e Z parameter s ar e 
·i ndependen t  of th e c u r r en t  sources. Ho wever th ey a r e  a 
func ti o n  of fr equency si n c e  c ap ac i t o rs and i nduc tor s ar e 
i n vo l ved. Hence t h e  Z par ameter s are c omp l ex quan ti ti es 
and sh o u l d  be def i ned i n  c o mp l ex form. 
To eval uate an y p ar ameter of a trans i s to r  th e 
f o l l ow i ng val ues h ave to be known : 
1 )  Out pu t c apac i tanc e C c .  
2 )  Th e bas e s pread i ng r es i s t an ce r
bb '
• 
3 )  Th e col l ector b i as cu r r en t  I c . 
4 )  Sma l l  s i gn a l  cur r e n t  g a i n  hfe . 
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5 )  The fre qu en cy a t  whi ch common emi t t e r  cur rent g a i n  
r educes t o  unit y f
T
. 
A l l t h es e  val ues for a g i ven t rans i s t or a re 
n or ma l l y  speci fi ed i n  t h e  manufacturers ' da t a  s h e e t .  
Two of t h e  above ment i on ed va l ues Cc and r
bb ' 
a r e  
the e ffe ct i ve va l u e s  wh i ch can not be u s e d  di r ectly. I t  
can be s e en i n  fi g . 3 . 4  that Cc and r
bb ' 
are di s t r ib ut e d . 
Th e p r e s en t  wor k u s e s  an emph i r i ca l  ru l e , ba s ed on 
Vende l i n's mode l [9 ] ,  t o  account for t h e  d i s t r i bu t i ve 
nature of-Cc and r
bb ' · 
I t  i s  g i ven a s  fol l ows . . 
C 1  = 0 . 2 9 4 6 4 3  Cc 
C 2  = 0 . 3 1 2 5 C c  
C3 = 0 . 2 5  Cc 
C4 = 0 . 1 4 2 8 5 7  C c  
R 1  = 0 .0 2 4 6 9  r
bb ' 
R2 = 0 .4 3 2 1  r
bb' 
R3 = 0 . 5 4 3 2 1  r
bb' 
For a g i ven 
t rans conduct ance of the 
fr om g m  = I I c  I I 2 6  I I 
Fr om the va lue 
ca lcu l a t e d  a s  Rp = h fe 
col le ctor cu rrent 
t rans i s t or gm can 
mh os 
of h fe ,  th e va l u e  
X r 
e ' 
whe r e  r 
e ' 
= 
i n  mA, t h e  
be calcu l at e d  
of Rp can be 
1 /gm . 
2 2  
Fig. 3.4 A complete model of a transistor showing lead inductances, 
parasitic resistances and RC distribution. 
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From the va l ue o f  f
T
, the va l ue o f  Cp c an be 








, ) .  
Henc e  i t  can be s ee n  t hat from t he da ta s h e e t  
va l ue s ,  mo s t  o f  t h e  va l ue s  can be c al cul a t ed . 
Th ere are t wo fa ct o r s  who s e  va l ue s  are 
no t found i n  the dat a  s h e e t s .  The y are t h e  
no rmal l y  
bond i ng 
i nduc t ance s and the paras i t i c  r e s i s tanc e s .  The s e  va l ue s  
can be fo und by a t r i a l  and e rr o r  me thod . The i mp o r t anc e 
o f  the s e  parame t e r s  c a n  be s h o wn by cal c ul a t i ng S 
parame t e r s  o f  a t yp i c a l  t ra n s i s t or . 
To c a l c ul at e  S paramet e rs o f  a t rans i s t o r , the Z 
paramete r s  are c al c ul a t ed fi r s t  and then are c onve r t ed t o  
S parame t e r s . The co nve r s i on fo rmul as a r e  g i ve n  i n  t ab l e  
1 o f  t h e  appende x. 
To ca l c ul a t e  t h e  parame t e r s  a prog ram was wr i t t e n  
i n  APL. Th i s  prog ram fi r s t  ca l c ul at e s  t h e  di ffe rent 
e lements o f  the mat r i x  M fo r a g i ve n  fre quency and data 
s he e t  va l ue s .  Th en it fi nds the i nve r s e  o f  the ma t r i x. 
Th e fo ur e l emen t s  i n  t h e  le ft hand top c o rner g i ve t h e  Z 
parame t e r s .  Th e prog ram a l s o  c o n ve r t s  the Z parame t e r s  to 
S parame t e r s  both i n  r e c t an g ul ar and po l ar fo rms . 
To ve r i fy the va l i d i t y  o f  the mode l , fo ur 
t ra ns i s t o r s  we re pic k ed wh o s e  S parame t e r s  or Y parame t e r s  
we re g i ven by t h e  man ufact ur e r s .  Th e s e  parame t e r  value s 
we r e  meas ured va l ue s . The mea s ured and ca lcula t ed value s 





transistor A as a fu
nction of frequenc
y. 
( measured values ) 
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Fig.3.6 Forward and reverse transmission coefficients of 
transistor A as a function of frequency. 
meas�red values ) 
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I MPEDANC£ OR ACMITTANC£ COORDINATES 
AADIAI.LY SCALED "AAAMETE .. S 
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Fi g .3 . 7 I nput a nd o utput  refl ec t i o n  co e ffi c i ents o f  
tra ns i sto r  A a s  a func t i o n  o f  frequency . 
( cal c u l ated· va l ues ) 
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Fig. 3 .. 8 Fo rward  a n d  reve rse tran smissio n co effi ci e nts  
of  trans i sto r A as  a func t io n  o f  fre quency.  
(ca l cul ated  val ues  ) 
!40 
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TRANSISTOR A [ 1 0] 
Da ta s he e t  s p e ci fi ca t i on s  fo r I c  = 5 mA . 
Cc = 1 . 7 pF 
r
bb '
Cc = 5 . 7 4 7 3  ps 
h fe = 2 0  
f
T 
= 1 . 3  GH z .  
Le = 1 . 5  nH 
Lb = 1 . 5 nH 
Re = 3 . 5  ohms 
Rb = 3 . 5  ohms 
Maxi mum powe r  = 4 5 0 mW 
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Type - NPN , M A  4 2 0 0 1 - 5 0 9  ( M i cr o wave As s o ci a t e s ) 
TQe measured S parame t e r  va l ue s  are g i ven i n  t he 
data s hee t , fo r fr e quen ci e s rang i ng fr om 1 1 0 MH z t o  ·1 GH z .  
Th e s e  va l ue s  are p l o t t ed o n  the Smi th cha r t  and Po l a r  
cha r t , as s ho wn i n  fi gue r s  3 . 5  and 3 . 6 .  
Fo r t he same t rans i s t o r , t he S parame t e r s  a r e  
cal cu l at ed nume r i ca l l y .  Th e s e  val u e s  a r e  p l o t t ed fo r 
co mpar i s i on ,  as s ho wn i n  fi g u e r s  3 . 7 and 3 . 8 . 
TRANSISTOR B [ 1 1]  
Da ta s he e t  s p e ci fi ca t i on s  fo r I c  = 2 0  rnA. 
C c  = 1 . 7 pF 
r
bb '
Cc = 1 . 7 5 0 7  p s  
hfe = 7 0  
f
T 
= 4 . 4  GH z .  
Le = 2 . 8  nH 
Fi g . 3 . 9  Input a nd o utput refl ecti o n  co effi c i ents o f  
trans i s to r  B as a functi o n  o f  frequency . 
( mea s ured valu es ) 
2 9  
Fi g . 3 . 1 0 Fo rward and rev ers e tran s mi s s i o n  co e
ffi c i ents  o f  
tran s i sto r  B as a fun ct i o n  o f  frequen cy .  
( meas ured val u es ) 
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Fi g . 3 . 11 Input and  o utput  refl ect i on co e ffi c i ents o f  
tra ns i s to r  B a s  a fun ct i o n  o f  frequency . 











Fi g . 3 . 1 2  
3 2  
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Forwa rd and  rev erse tran smi s s i o n  co effi c i ents 
of tran s i s to r  B as a functi on of frequency . 
( calcula t ed val u es ) 
Lb = 2 . 8  nH 
Re = 0 . 8  ohms 
Rb = 0 . 8  ohms 
Maximum powe r = 4 5 0  mW 
33 
Type - NPN ,  MA 4 2 1 1 1 - 5 0 9  (Microwave As s ocia t e s )  
The meas ured S pa ra me te r  value s a r e  for 
fre quencie s from 1 1 0 MHz t o  1 . 5 GHz . Th e plot s on Smi th 
cha r t  and Polar cha r t  are s h own in figure s  3 . 9 and 3 . 1 0 . 
Nume r ically ca l cula t ed S parame t e r value s are plot te d  and 
s h own in fig ur e s  3 . 1 1 and 3 . 1 2 ,  for compar is ion. 
TRANSISTOR C [12 ] 
Da ta s h e e t  s p e cifi ca t ions for Ic = 1 5  mA . 
C c  = 1 pF 
r 
b b ' C c  = 1 .9 6 4 9  ps 
h fe = 2 0  
f
T. 
= 4 GH z .  
Le = 1 nH 
Lb = 1 nH 
Re = 1 .5 ohms 
Rb = 1 .5 oh ms 
Maximum powe r = 4 0 0  mW 
Type - NPN ,  MA 4 2 1 4 1 - 5 1 0  (M i crowave As s oci a t e s )  
Th e plot s of me a s ured va lue s of S parame t e rs for 
fr e quencie s from 4 0 0  MH z t o  5 0 0 0  MH z are s h own in fi gur e s  
3 .1 3 a n d  3 .1 4. The p lot s of n ume r ically ca l cula t e d  S 
Fi g . 3 . 13 Input and o u tput  refl ect i o n co e ffi c i ents o f  
trans i s to r  C as a fu nc t i o n  o f  frequency . 
( meas u red v alues  ) 
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Fi g. 3 . 14 Fo rward and  rev er s e  transmi s s i o n  coeffi c i ents 
of tran s i s to r  C a s - a functi o n  o f  frequen cy . 
( mea s ured val u es ) 
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Fi g . 3 . 1 5  
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IMPEDANCE OR ADMITTANCE COORDINATES 
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Input and  output  r efl ect i o n  co effi c i ents o f  
tra n s i sto r  C a s  a fun ct i o n  o f  frequ ency . 
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Fo rwa rd and  rev ers .e tra nsmi s s i o n  co effi c i ents o f  
tra ns i s to r  C a s  a func t i o n  o f  frequency . 
(cal cul ated va l ues ) 
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y PARAMETERS versus FREQUENCY 
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Fi g . 3 . 1 7 Input a nd fo rwa rd· t ra ns fer a dmi tta nce o f  
tra ns i sto r  0 a s  a funct i o n  o f  fre quency . 
( mea s ured  va l ues  ) 
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Fi g . 3 . 18 Output a nd rev ers e tra ns fer admi tta nce o f  
tra ns i s to r D a s  a functi o n  o f  fre quency . 
( mea s ured va lues  ) 
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Fi g .3 . 19 Output a nd i nput a dmi tta nces o f  tra ns i s to r  D as  
a funct i o n  o f  freq u ency . ( cal cu l ated va l ues ) 
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Fi g .3 . 20 Fo rward a nd reverse  tra n s fer a dmi tta nce o f  tra n s i s to r  






Le = Lb Re = Rb I 
( nH ) ( ohms ) S11 S12 S21  S22 
0 . 5264 0 . 1506 1. 315 0 . 4037 
1. 5 3 . 5 159 . 7  5 5 . 35 67 . 04 - 69 . 6  
0 . 6663 0 . 1 2 2 5  1 . 36 0 . 4123  
0 . 1  3 . 5 
-166 . 3  22 . 1 8 7 8 . 5 4  -74 . 84 
0 . 6763 0 . 1328  1 . 423  0 . 3891 
1 . 5 0 . 1  155 67 . 85 65 . 43 - 68 . 91 
0 . 85 0 . 07877 1 . 504 0 . 3912 
0 . 1  0 . 1 - 172 . 4  16 . 46 78 . 14 - 76 . 52 
��-
TABLE 1 Effect of lead inductances and parasitic resistances on S parameters of 




paramet er values for s a me fr equenci es are sh own i n  fi g u r es 
3 . 1 5 and 3 . 1 6 ,  for compa r i s i on .  
TRANS I STOR D [13] 
Da t a  s h eet spci fica t i on s  for I c  = 2 mA . 
Cc = 0 .8 pF 
r
bb'
Cc = 8 ps 
h fe = 2 0 0  
f
T 
= 2 .5 GH z . 
Le = 1 .5 nH 
Lb = 1 .5 nH 
Re = 3 .5 ohms 
Rb = 3 . 5  ohms 
Maxi mum p ower = 2 0 0  mW 
Type - PNP , 2 N4 9 5 7  ( Mot orola 
Th e plot s of mea s u r ed va l u es of common em i t t er Y 
par amet er va lues for frequ en ci es fr om 1 0 0  MH z to 1 0 0 0  MHz 
are s h own i n  fi g ur es 3 . 1 7 a nd 3 . 1 8 .  Th e p l ot s  of 
numer i call y calcul a t ed Y pa ramet er values f o� s ame 
freque ncie s are sh own in fi g u r es 3 .1 9 and 3 . 2 0 f or 
compa r i s i on .  
Th e i mpor t ance of Re , Rb , Le and Lb can b e  s een 
fr om an examp l e. For t rans i s t or A ,  at f = 9 0 0  MH z ,  the S 
pa ramet er s were cal cula t ed n umer i ca ll y ,  for d i ffe r en t  
va l�e s  of Re , Rb , Le a n d  Lb . Th e r es ul t s  are s h own i n  




I n  the previ ous ch ap t e r ,  the val i dit y of the h ig h  
fre quency mode l of th e t ran s is to r  was ve r i fied . Now t h e  
mode l can be used in de s ig n i ng an o s cill a t or circuit . 
Th e ac de s i gn i s  done u s i ng Y p ar a me t e r s .  
The fo l l owi n g  s t e p s  a r e  fol l o wed in th e ac de s ig n  
of a VCO: 
STEP 1 - Finding out t h e  n e t phas e  s h ift produced by· 
i s  found by ca l cul at i ng 
t h e  
t h e  tr an s is t or i t s e l f. Th i s  
for ward t rans mis s ion coe fficien t  S2 1 of the tran s is t o r  a t  
t h e  de s i red fr equency .  
STEP 2 - Es t i ma t ing the e l e ct ric l ength n e eded t o  ob t a in 
z e ro phas e sh ift with fe edback , s ince a ci r cui t wil l 
os ci l l a t e  wh en a fe edback path is pr e s ent providing a t  
l e a s t  un i t y l o op gain wi t h  z e r o  pha s e  s h ift . This can be 
ca l cul a t e d  from the pha s e  ang l e  of S2 1 .  
wh e re 
Th a t  is B d = S2 1 mod 9 0  
( 2 rr I )'.. ) d = S2 1 
(2 TT /(f/c)) d = 82 1 
Th e r e fo r e  d = (f/c) X (1 /2 n )- X S2 1 
f is the de s ir e d  fre que ncy in MH z 
c is the speed o f  l ig ht i n  fre e  space in Mm/s 
d is the l ength o f  t h e  fe e dback t rans mis s i on l in e  
in me t e r s .  
4 5 
STEP 3 - Ca l cul a t i ng t h e  Y param e t e r s  o f  the 
t ransmi s s i on l i n e .  The t ransmi s s i on l i ne 
fe edbac k 
can be 
c o n s i de r e d  as a t wo por t  n e t work a s  s hown in fi g .4 .1 . In 
t h e  fi gure,  d i s  the l en g t h  of t h e  t ransm i s s i on l i n e , Zo 
i s  the c haracte r i s t i c  i mp edanc e ,  Zl i s  the l oad impedanc e 
i n  wh i ch the t ransmi s s i on l i n e  i s  t e rm i nat ed. 
The i nput adm i t t an c e  of the t ransm i s s i on l i ne c an 
be g i ve n  by [1 4 ]: 
Y1 1 = 1 /(j Zo tan Bd) = - j  Yo co t Bd 
and the fo r wa rd t r an s fe r  adm i t t an c e  i s  g i ven by [1 4 ]:· 
Y2 1 = 1 /(- j Zo c ot B�) = j Yo tan Bd . 
By s ymme t r y  -
Y2 2 = Y1 1 = - j  Yo c ot Bd 
Y1 2 = Y2 1 = j Yo t an Bd 
STEP 4 - Ca l cul a t i ng the c ompo s i t e Y pa rame t e r s  of the 
t rans i s t o r  and fee dback l i n e . The b l o c k  di agram i n  
fi g . 4 . 2  s h ows t h e  fe edbac k c on n e ct i on s .  
S i nce the fe e dback t ransmi s s i on l i ne i s  c o nnec t e d  
i n  pa ra l l e l  with t h e  t r ans i s t or ,  each compo s it e  Y 
parame t e r  of the ent i re b l o ck i s  t h e  s um o f  the re spec t i ve 
Y pa rame t e r s  of the t ransm i s s i on l i n e  and t rans i s t o r . 
If Y1 1 i s  the i npu t adm i t t ance o f  the t rans i s t o r 
and YllL i s  the input adm i t t an c e  o f  t h e  t ransmis s i on l in e ,  
t h e n  the i nput adm i t t an ce of the ent i re b l ock i s  YllC 
g i ven by YllC = Y1 1 + YllL. ( 4 . 1 ) 
In general , the ab ove r e s u l t  cah be wr i t ten as -




Fi g . 4 . 1 Tra n smi s s i o n  l i n e a s  a two po rt netwo rk.  
Tra n smi s s i o n  
1 i ne 
.. 
. Tra n s  i s tar 
... . 
Ftg . 4 . 2  B l o c k  di a gram s ho wi n g  feed back  co nnect i o n s . 
y = y + y 
i j C  .i j  i j L  
4 7 
( 4 . 2 ) 
STEP 5 - Ca l cu l a t i ng t h e  s tub l i n e  l eng th s o  as t o  can cel 
t h e  s u s ceptance due t o  ou tput capaci t ance of t h e  
t r an s i s t or and connect ed ci r cu i t r y ,  thus g i ving n et 
n eg i t i ve conductance a t  t h e  ou t pu t .  
Th i s  i s  done by fi r s t  ca l cu l at i n g  t h e  adm i t t ance 
of t h e  connect ed ci r cu i t r y . Th e connect ed ci rcu i t r y  
ba s i ca l l y  cons i s t s  of a tun i ng capaci tor and th e 
t ran s forma t i on capaci t or .  To s t art wi th , t h e  va l u e  of 
tun i ng capaci t or i s  a s sum ed t o  be 2 pF , the sma l l es t  � a l u e  
a va i l abl e commer ci a l l y  i n  t h e form o f  a varact er and t h e  
va lue of tran s for ma t i on capaci t or i s  cal cu l a t ed t o  be 3 . 3  
pF t o  ma t ch a 5 00 ohms l oad. The out put s u s ceptance i s  
ca l cu l a t ed due t o  thes e  capaci t or s  a l ong wi th t h e  ou t put 
capaci t an ce of t h e  t rans i s t or ,  a t  1 000 MH z , wh i ch is  the 
upper l i mi t of the requ i r ed t u n i ng range for frequ ency of 
os ci l l ati on. To neut ra l i z e t h i s  s u s ceptance ,  a s t ub l i n e  
is c onnect ed in para l l el . Th e adm i ttance of th i s  s t ub 
l i n e  i s  calcu l a ted fr om t h e  fol l owi ng expres s i on :  
Ys t = Yo/tan (w x Ds t/c ) · wh er e 
Yo i s  the character i s t i c i mpedance 
w i s  the frequen cy i n  radi an s /s 
Ds t i s  the s tub l i n e  l eng th. 
Th e bl ock d i ag ram i n corp orat i ng the s tub l i ne a nd 
i mpedance trans format i on n et wor k i s  s hown i n  fi g.4 .3 . Th e 
equ i va l en t  c i rcu i t  res u l t s  i n  t h e  s tub bei ng connected i n  
para l le l  t o  the outpu t  e lemen t s . 
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Hence the re s u l t ant 
output admi ttance wi l l  be th e s um of Y2 2 C ,  Yin N and Ys t .  
That i s  Y2 2 CM = Y2 2 C  + Yi nN + Ys t. 
STEP 6 - S o  far i n  the abo ve s tep s , ac de s i gn i s  di s cu s s ed 
. 
fo r a s i ng l e  fr e quency o f  o s ci ll ati on . To make t he 
ci r cu i t  o s ci l l a t e  at d i ffe r e n t  fre quenci e s ,  a va ract e r  
d i ode i s  added at t h e  b a s e  o r  co l l e ct o r  p o r t .  The bas i c  
e xp r e s s i o n which g i ve s  t h e  capa ci t an ce o f  the di ode i s : 
C
T 
= E A/W whe r e  
E = Permi t t i vi t y o f  t h e  mat e r i a l  a t  t he j un ct io n . 
A = area o f  t h e  j un ct i on . 
W = W i dth o f  t h e  space charg e .  
Th e wi dt h o f  the space charge is a funct i on o f  t h e  
r e ve r s e  v o ltag e . A s  r e ve r s e vo l tage i s  i n cre a s ed ) t h e  
wi dth i n crea s e s  r e s u l t i ng i n  sma l l e r capaci tance . Hence 
the o s ci l l a t o r  can be tuned t o  the de s i red fr equency by 
var yi ng the bia s vo ltag e wh i ch r e s u l t s  i n
.
variat i on in 
capaci t o r  va lue. 
I n i t iall y  the tun i ng capacito r wa s added a t  t h e  
bas e , bu t did no t prove ve r y  u s e fu l  as t h e  tun i ng ran g e 
obt a i n ed wa s ve ry sma l l .  Th e n  th e · tun ing capacit o r  wa s 
added at the co l le ct o r . Th i s  p r o ved very u s e ful s ince a 
l a rg e r  tuning range was po s s i b l e . I f  th i s  capaci t o r  ha s 
capaci tance C
T 
then t he adm i t tance o f  t h e  capaci t o r  is 
g i ven by: 
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s tub  l i ne 
�r-
Impe da n ce 
r-l 
l tra n s fo rmi n g  I 
feed bac k  l i ne netwo rk 
e 
4!. 






Fi g . 4 .3 B l ock  d i a gram o f  an  o s c i l l a to r .  
51 
Output admi t t ance Y2 2 CM = Y2 2 C  + Ys t + Y
C T  
+ Y
C TR 
I t  wa s di s c us s ed e ar l i er t ha t  for os c i l l a t i on t o  
t a k e  p l a ce , t h e  output admi t t an c e  s houl d have neg i t i ve 
r e a l  par t  whi c h  i s  t he c onduct anc e and a z er o  i mag i n e r y  
par t  whi ch i s  t he s us cep t an c e .  The e xpres s i on 
c a l c ul at e  out put admi t tance i s :  
y = Y2 2 CM - (Y2 1 CM X Y1 2 CM) /Yl1 CM . 
out 
t o  
A C  de s i g n  s t e ps are exp l a i ne d  i n  det a i l wi th e xampl e s  i n  
t h e  fol l owi ng chapt e r . 
CHAPTER 5 
NUMERI CAL RESULTS 
The ac de s i gn was c ar r i ed out fo r fo ur d i ffe r e n t  
t ran s i s t o r s . E mphas i s  was g i ve n  t o  f
T 
and Cc i n  s e le c t i n g  
t h e  t rans i s t o r s . Th e purpo s e  o f  repeat i ng t h e  de s i gn 
procedure fo r di ffe r e n t  t rans i s t o r s was t o  fi n d  the 
e ffec t s  of f
T 
and Cc o n  fee d ba c k  li ne leng th , s t ub l i ne 
l en g t h , tun i ng capac i t o r  range and t h e  e xt e rnal Q o f  t h e  
c i rcu i t . Th e t r an s i s t o r s  t h a t  we re u s e d  i n  t h i s  � tudy 
we re the s a me di s cu s s ed e a r li e r . 
TRANS I STOR_ A 
STEP 1 - Fi ndi ng the b e s t  fe edbac k li ne length fo r t h e  
tun i ng range o f  8 0 0  MH z t o  1 0 0 0  MH z . 
Fi r s t , an appr o xi ma t e  fe edback li n e  length wa s 
c alcula t ed fo r 8 0 0  MH z and 1 0 0 0  MH z , the two e xt re me 
fr e quenc i e s , fr om the S parame t e r s  o f  t h e  trans i s t o r  a t  
the s e  fr equenc i e s . 
It was e xpla i ned e a r li e r  that the e lec t r i c a l  
len g t h  t h a t  wa s nec e s s a r y  t o  g e t  z e r o  phas e sh i ft c a n  b e  
obta ined from t h e  pha s e  ang le o f  82 1 .  Fo r tran s i s t o r  A 
t h e  pha s e  angle o f  82 1 a t  8 0 0  MH z was 6 1 . 6 3 wh i c h  was t h e  
e l ec t r i c a l  length n e c e s s a ry .  Tha t  i s  -
B d = 6 1 . 6 3 = 0 . 3 4 2 4  rad . 
The r e fo r e  d = 0 . 0 6 4 2  me t e r s . 
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W i th th i s  app r oxi m at e  l ength , a l ength r e s pon s e 
was done for fre quency of 8 00 MHz . Th e fun ct i on u s ed i s  
ca l l ed FBLENGTH , wh i ch is g i ve n  i n  the appende x .  Th i s  
funct i on cal cu l a t e s  t h e  r e a l  par t  of Yout as a fun ct i on of 
fe edback l i ne l en g t h . To run the funct ion, tun i n g ' 
capaci t or ,  t ran s forma t i on capaci t or and s tub adm i t t an ce 
we r e  s e t  t o  z e ro . Th e op t imum l en g th wa s the one t h a t  
gave maxi mum real part . The be s t  l ength obt a i ned was 
0 . 06 8  me t e r s , for wh i ch t h e  r e al par t  was - 2 3 . 1  mmh os . 
The s ame procedure was r e pe at ed for f = 1 000 MH z . 
Th e pha s e  ang l e  of S 2 1 for f = 1 000 MHz was 5 6 . 8 4 . Hence 
t h e  fe edback l i ne l eng t h  ca l cu l at ed was 0 . 04 7 4  m e t e r s . 
Aft e r  runn i ng the fun ct i on FBLENGTH the opt i mum leng th 
obt a i ned wa s 0 . 0 5 3  me t e r s , for wh i ch the real par � was 
- 1 4 .4 mmh os . 
Two important poi n t s  we r e  obs e r ved fr om the ab ove . 
Fi r s t , as the fre quency i ncr e a s ed , the l eng th of t h e  
fe edback l i ne decreas ed . S e cond , wi th t h e  i ncre a s e in 
fre quency, 
decreas ed . 
the abs ol u t e  magnit ude of the 
Wi th the s h or t e r  fe edba ck l i ne 
fol l owi ng advan tag e s  can be re a l iz ed: 
1) Reduced b oard s pace . 
real par t  
l eng th t h e  
2 )  Ea s i er fabr i ca t i on of fe edback l ine r e s u l t i ng in l owe r 
cos t . 
Howe ve r  i t  was n e ce s s a r y  t o  h ave a n e g i t i ve real pa r t  f or 
th i s  fe edback l i ne l e ngth a t  8 00 MH z . The funct ion 
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FBLENGTH wa s run aga i n  t o  fi nd o u t  the va lue o f  r e a l  par t 
a t  8 0 0  MHz . I t  was found t o  b e  - 1 2  mmho s , wh i ch wa s 
suffi ci ent t o  me e t  t h e r e qu i r ement s .  
STEP 2 - Fi nd i ng t h e  be s t  s tub l i n e  l eng th t o  neut r a l i z e 
a l l  the capaci tance i n  t h e  ci r cu it t o  r e su l t  i n  z e r o  
s u s ce ptance and neg i t i ve conductance . The be s t  val u e  o f  
the s tub l i ne l en g t h  was ca l cu l ated b y  s e t t i n g  the 
fe edba ck l i ne l ength t o  0 . 0 5 3  me t e r s , the t ran s fo r ma t i on 
capaci t o r  t o  3 . 3 p F ,  t h e  tun i ng capa ci t o r  t o  2 pF and the 
fre quency t o  1 0 0 0  MH z .  The tun i ng capaci t o r  value was 
ch o s en t o  be 2 pF becaus e  t h is i s  the sma l l e s t  va l ue that 
i s  ava i l ab l e  from a s u i t ab l e  varact o r  fo r tun i ng pe rpo s e s . 
W i th the s e  valu e s  s e t , a fun ct i on ca l l ed STLENGTH was run . 
Th i s  fun ct i o n ca l cul ated t h e  outpu t  adm i t t ance Yout a s  a 
funct i on o f  s tub li ne l en g t h . Th e opt i mum va l ue o f  the 
-
s tub l i ne l ength wa s the o n e  for wh i ch the i mag i n e r y  part 
o f  Yout is z e r o . Th e opt i mum va l u e  wa s found t o  be 0 .0 2 0 7  
me t e r s .  
STEP 3 Ve r i fyi ng t h e  tun i ng range . Th e o s ci lla t o r  
ci r cu i t  was de s i gned t o  o s ci l l a t e  from 8 0 0  MH z t o  1 0 0 0  MHz 
depend i ng on the tun i n g  capaci t o r  va lue . Th i s  wa s 
ve r i fi ed by runn i ng the fun ct i on call ed COVER . Th i s  
func t i o n calcula t ed the va l u e  o f  Yout as a fun ct i on o f  
fr e quency fo r a fi xed va l ue o f  fe edback l i ne l eng t h , s tub 
li ne leng th , tran s fo r ma t i on capaci t o r
· 
and tun i ng 
5 5  
capaci t o r . Th e o s ci l l a t i on fre quency was the frequency a t  
wh i ch the i mag i n ary par t  o f  You t  wen t  t o  z e r o . 
Th i s  fun ct i o n COVER was run fo r d i ffe rent val u e s  
o f  tun i ng capaci t o r  and t h e  fo l l o wi ng fre quenci e s  o f  
o s ci l l at i on we re found: 
Fo r C
T 
found to be 8 00 
be - 1 2  mmh o s . 
Fo r C
T 
- 1 5 . 3 4  mmh o s .  
Fo r C
T 
- 1 4 . 2  mmh o s . 
= 1 0  p F ,  
MH z and 
= 5 . 7 5 
= 2 pF,  
t h e  fr e quency of o s ci l lat i on wa s 
t h e  r e al pa r t  o f  Yo ut was found t o  
pF , fo = 9 00 MH z and You t (rea l )  = 
fo = 1 000 MH z and You t (re a l )  = 
Th e outpu t  admi t t a n ce Yout a s  a funct i o n o f  
fre quency fo r d i ffe rent value s o f  tun i ng capaci t o r  wa s 
pl o t t ed as s h o wn i n  fi gure s  5 . 1  t h r ough 5 . 4 .  Fro m  the s e  
p l o t s b o th o s ci l l a t i on fr e qu e n cy and the e xt e rnal Q o f  t h e  
ci rcu i t we r e  ca l cu l a t ed . A s  e xp l ai n ed ear l i e r , t h e  
o s ci l l a t i o n fr e quency wa s t h e  fre quency a t  wh i ch t h e  
i mag i nary part o f  Yout wen t  t o  z e ro , and t h e  va l u e  o f  
e xt e rnal Q was c a l cul ated i n  t h e  fo l l o wi ng wa y: 
Fr o m  the pl o t , t h e  change i n  the i mag inary pa rt o f  
Yout was found co r s pond i ng t o  change i n  t h e  fr equency .  
Hence the e xt e rnal Q was ca l cu l a t ed fr o m  the fo l lo wi ng 
e xpre s s i on -
Qext . = fo x (dBo u t /d f  x RL) wh ere 
fo is  the fre quency of o s ci l l a t i on 
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Fi g . 5 . 1  Output s us ceptance a s  a fun ct i o n  o f  frequency fo r 
tun i n g ca paci to r  o f  2 p F ,  fo r trans i sto r A .  
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Fi g . 5 . 2  Output s usceta nce a s  a funct i o n  o f  fre quency fo r 
tun i ng capac i to r  o f  5 . 75 p F ,  fo r tran s i s to r  A .  
5 7  
· s  J o ut o . ol 
( mho s ) 
5� �3 . . . .  
0 
50 .770 .810 .830 .8� 
-- f MHz ) 
Fi g . 5 . 3  Output s us cepta nce  a s  a funct i o n  o f  fre quency fo r 
tun i ng ca pa c i to r  o f  1 0 . 0 5 p F ,  fo r trans i sto r  A .  
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Fi g . 5 . 4  Output co nducta nce  as  a fu n ct i o n  o f  freq uency fo r 
DL o f  0 . 05 3  mts , fo r tra n s i s to r  A .  
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Fi g . 5 . 5  Output s us cepta nce a s  a fu n ct i o n  o f  frequency fo r t u n i n g 
ca pac i to r  o f  2 p F ,  fo r tran s i s to r  B .  
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· s I J ou �). ,�2 
( mho s )  I 
Fi g . 5  . . 6 Output s u s ce pta n ce a s  a fu n ct i o n  o f  frequency fo r 
tuni n g ca pa c i to r  o f  10 . 35 p F ,  fo r t ran s i sto r  B .  
6 1 
·810 -830 -850 
-- f ( MHZ ) 
Fi g . 5 . 7  Output s usce pt a n ce a s  a func t i o n  o f  frequency fo r 
tu n i ng capa c i to r  o f  1 7 . 1 5 p F ,  fo r tran s i sto r  B .  
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Fi g . 5 . 8  Output co n ducta n ce a s  a fu nct i o n  o f  frequency fo r 
DL o f  0 . 05 58 mts . fo r tra n s i s to r  B .  
63  
j Bb ut  lo . o2s 
(mbosl r 
. . . . . .




• /  
/ 
/ 
0. 01 5  . . . . . . . . . . . . . .  ,/ . . . . . .  . 
/ 
: // • . �/ . . . . . . . . 
/: sn . . . . . . . . . . . . . . . . . . . . . • /_/ · · · · · · · ·  
50 -9 70 ·930 /· -1010 
: ... _.,.,-' -rr -� . . _./.- . . 
� j . . . . . . . . . ·/ . . . . . . . . . . .  . 
/ 
. _..,..,...../ . 
· · ·/· · ·  
..,....../· ./ _..,..... -q_� : . . . . . . . . . . . . . . . . 
·1030 ·:1050 
· · · · · · f. {:  MHZ · .) 
Fi g .  5 .  9 Output s us cepta nce.  a s  a ·fu nct i o n  o f  freq uency fo r 
tu n i ng ca pa c i tor  o f  2 p F ,  fo r tra ns i stor  C .  
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· s  J o ut 
t (mho s ) t 
(1 . 01 
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Fi g . 5 . 10 Output s usce pta n ce a s  a functi o n  o f  frequency fo r 
t un i n g ca pa c i to r  o f  6 . 8· p F ,  fo r tra n s i stor  C .  
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· s  J ou t  
(mho s ) o_. Qi .  · · · · · · · · · · · · · · · · · · · · · · · · · · 
.830 .850 
-- f . ( MHt ) 
Fi g .  5 . 1 1 Output s u s ce pta nce  a s  a fun ct i o n  o f  freque ncy fo r 
tun i ng capa c i to r  o f  1 1 . 05 p F ,  fo r trans i s to r  C . . 
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Fi g . 5 . 1 2 Output co nducta nce a s  a funct i on o f  frequency fo r 
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Fi g . 5 . 13 Out put s usceptance  a s  a fu nct ion  o f frequency fo r 
tun i ng ca pa c i to r  o f  2 p F ,  fo r tran s i s to r  D .  
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Fi g . 5 . 1 4  Output s us ceptance a s  a funct i o n  o f  frequency fo r 
tun i ng capa c i to r o f  5 . 4 p F ,  fo r tran s i s to r  D .  
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Fi g . 5 . 1 5 Output s u s ce pta nce  a s  a funct i o n  o f  frequency fo r 
tun i ng  ca pa c i to r  o f  9 . 5 7 5  p F ,  fo r tra n s i sto r  D .  
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Fi g . 5 . 1 6 Out put co ndu cta nce  a s  a funct i o n  o f  freq ue ncy fo r 
DL o f  0 . 05 mt� . , fo r tra n s i s to r  D .  
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TRAN . A 
TRAN . B 
TRAN . C 
TRAN . . D 
TRAN . E 
Cc fT DL · 0STB Go ,max  Go ,m i n CT ma x CT mi n 
( pF )  ( GHz ) (mts ) (mts ) Qmax Qmi n (mmhos ) ( mmho s ) ( pF } ( pF )  
1 . 7  1 . 3  0 . 053 0 . 0207 1 20 96 . 7 5 - 15 . 34 - 14 . 2  1 0  2 
I 
1 . 7  4 . 4  0 . 0558 0 . 01526  31 2 . 5  1 35 . 17 - 5 3 . 8  - 36 . 8  1 7 . 1  2 
1 . 0 4 . 0 0 . 061 75 0 . 0725  187 . 5  94 - 109 -85 . 9  1 1 . 05 2 
0 . 8  2 . 5  0 . 05  0 . 0898 92 . 353  80 . 1  -25 . 45 - 1 3 . 0  9 . 55 2 
2 . 0  4 . 0  0 . 063  0 . 0 324 225  100 . - 1 17 -82 . 9 1 2 . 2 5 2 
-
TABLE 2 .  Summery o f  numeri cal  resu l ts . I n  the ta bl e ,  CT mi n i s  the  va l ue chosen for 





RL i s  the t ran s formed l oad r e s i s tance wh i c h  i s  5 0 0  
ohms 
dB out /df i s  t h e  s l ope of B out a t  fo 
For t ran s i s t or A ,  t h e  e xt e rnal Q va l ue s  for 
di fferent osc i l l at i on fre quenc i e s we re : 
For fo = 8 0 0  MH z ,  Qe xt was 1 0 5 . 1 3 .  
For fo = 9 0 0  MHz , Q e xt was 9 6 . 7 5 .  
For fo = 1 0 0 0  MH z ,  Qe xt was 1 2 0 . 
Si mi lar s t eps we r e  c ar r i ed out for t he oth e r  t hr e e  
tran s i s t or s . The re s ul t s  ob t a i ned for the s e  t ran s i s t or s  
are tabul a t e d  i n  t ab l e  2 .  
In the t ab l e ,  t h e  l a s t  r ow g i ve s  the re s ul t s  of a 
h ypot he t i �a l  t rans i s t or ,  de s i gna t ed as Tran s i s t or E .  Thi s 
tran s i s t or has the s a me pa rame t e r va l ue s  a s  Tran s i s t or C 
e xc ep t  for t he out put c apac i tanc e  C c . Th e va l ue of Cc wa s 
inc reas e d  fr om 1 pF t o  2 pF . Th e de s i gn and e va luat i on 
s t eps we re ca r r i e d  out for t h e  oth e r  four t rans i s t or s . I t  
c an be s ee n  fr om t he t ab l e  t h a t  t h e  va l ue of Cc doe s have 
an e ffe c t  on fe e dbac k li n e  l en g t h, s t ub li ne leng t h, 
t un i ng capac i t or value an d t h e - e xt e rnal Q of t he c i rc ui t . 
A s t a t i s t i c al ana lys i s  wa s don e  t o  fi nd out t he 
s i g n i f i c anc e of th i s  e f fe c t ,  a s  e xp la i ned i n  the foll owi n g  
chapt e r . 
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CHAPTER 6 
ANALYS I S  AND CONCLUS ION 
Th e wor k r ep or t ed was car r i ed out i n  t wo s tag es . 
I n  t h e  f i r s t  s t age, a h i gh frequency model of a t ran s i s t or 
was devel oped and t h e  va l i d i t y  o f  the model wa s t es t ed 
u s i ng S and Y paramet er s  f or fo ur di fferent t ran s i s t o rs . 
Th e va l i di t y  was pro ved a s  exp l a i ned i n  Chapt er Thr ee .  
I n  the s econd s ta g e, th e h i gh f requen c y  mod el o f  
t h e  trans i s t or wa s us ed i n  t h e  a c  des i gn o f  the VCO and 
the n umer i c al res u l t s  were o b t a i ned as t abul a t ed i n  t h e  
previ ous ch apt er . 
I t  can be s een from t h e  t ab l e  2 that i t  i s  very 
d i f f i c ul t  t o  ar r i ve a t  a concl us i on regarding t h e  
dependenci es o f  f eedback l i n e  l eng t h ,  s t ub l i n e  l en g t h ,  
tun i ng capaci t o r  va l ue a n d  t h e  ext ernal Q va l ue o f  t h e  
c i rc ui t  on f a n d  Cc . 
T 
H � n ce ,  a s ta t i s t i c a l  ana l ys i s  was 
carr i ed o ut to det erm i ne t h e  dependenci es of the abo ve 
men t i oned va l ues on f
T 
and C c .  A mul t i pl e  regres s i on 
ana l ys i s  was don e for each o f the va l ues s epara t el y, 
con s i der i ng each va l ue a s  a dependent var i ab l e  and f
T 
and 
Cc as i ndependent var i ab l es .  Th e r es u l t s  o f  the ana l ys i s  
are as fo l l o ws . I n  t h e  r es ul t s  DL and Ds tb are i n  met er- s ,  
C c  i s  i n  p i c o  farads and f T  i s  i n  GH z . 
1 )  Dependency o f  feedback l ine l ength on f
T 
and Cc 
I n i t i al l y  a l i near mode l was u s ed t o  d e t e r m i n e  t h e  
dependenc y .  Th e mode l us e d  w a s  g i ven as f o l l ows 
DL = A + B Cc + C f T  whe re 
A i s  a c o n s t ant and B and C are t h e  c o e f f i c i en t s  o f  C c  and 
fT . The r e s u l t s  ob t a i ned f o r  th i s  mode l are s hown i n  
f i gure 6 . 1 .  from wh i c h  t h e  l i n e a r  mode l can b e  wr i t t en as 
DL = 0 . 0 4 7 4 5 4 6 1 + 0 . 0 0 0 0 5 7 7 8 2 Cc + 0 . 0 0 2 2 7 2 7 0 f
T
. 
I n  t h e  f i gure , t h e r e  a r e  two t e s t  va l ue s  wh i ch s h ow t h e  
val i d i t y  o f  t h e  l i near mode l . T h e y  are the MODEL F va l u e  
and R- SQUARE va lue . Th e MODEL F val ue g i ve s  the 6 v e r a l l 
ut i l i t y o f  the mode l and t h e  R- SQUARE va l u e  g i v e s  t h e  
s amp l e  mu l t i p l e  c o e f f i c i en t  o f  de t e rm i na t i on . F r om t h e  
fi gure i t  c an b e  s een that t h e  va l u e  o f  F obt a i ned was 
0 . 3 6 at the obs e rved s i gn i f i c ance l ev e l  of 0 . 7 6 4 4 . · Th i s  
mean s  the dependenc y o f  f e e dback l i ne l en g t h  on f
T 
and Cc 
c an be c onc l uded w i th o n l y  abo u t  2 3 . 5 6 pe rcent . I n  o t h e r  
wo rds i t  can b e  s a i d  t h a t  t h e  f e edback l i ne l eng th do e s  
n o t  depend l i near l y  o n  f
T 
and Cc . L a t e r  many more mode l s  
we re tr i ed t o  f i nd the dependency o f  fe edback l i ne l en g t h  
o n  f and Cc . T h e  be s t  mode l t h a t  sh owed t h e  depende n c y  
T 
wa s a quadrat i c  mode l i n  Cc , wh o s e  re s u l t s  are s h own i n  
f i gu r e  6 . 2 .  Th e mode l i s  g i ven a s  fo l l ows -
DL = A l  + Bl Cc + C l  Cc * Cc 
I n  t e rms o f  the c o e f f i c i en t  va l ue s  fr om f i gure 6 . 2  t h e  
mode l c a n  be wr i t ten as f o l l ows -
DL = - 0 . 0 5 8 5 5 5 5 6 + 0 . 1 9 7 2 5 Cc - Q . 0 7 6 9 4 4 4 4 Cc
2 
7 5  
· t EP ENDi: N T  VA k l A S L E  
SOUR C E  
NJO E L  
ER R O R  
CO RREC T ED T O T A L  
fiO CE L f = 
A- SQUAR E 
c . � 15o92 






PARAMET E R  
INT E R C E P T  
cc 
fT 
S A S  1 
1 1  20 FI U OA Y , J UL Y  2 4 , 1 9 8 7  
GEN ER AL L I N E A R  MOD E L S  PROC E DUR E 
O L 
O F  S U fiS  OF S Q U AR E S M EAN SQUAR E 
z 0 . 00 0 03 1 2 3  0. 0 0 0 0 1 5 6 1  
1 0 . 000 0 4 3 9 0  0 . 0 0 0 04 390 
3 0 . 0 0 00 7 5 1 3  
0 . 3 6 PR F • 0 . 7644 
c . v .  ROO T MSE Ol M E A N  
1 2 . 0163 0 .00662 5 50 0 . 0 5 5 1 3 7 5 0  
O F  T YP E J S S  F VALUE PR f 
1 o . oo oo oooo o . oo 0 . 9994 
1 0 . 0 0 0 0 3 1 2 3  0 . 7 1 0 . 5 539 
OF T YP E  ll I SS F VALUE ·PR f 
1 0. 00000022 o . oo 0 . 9 5 5 1  
1 0 . 00003 1 2 3  0 . 7 1 0 . 5 53 9  
T F O R  H O  P R  T ST O ERROR Of 
E S l l M A T E  P AR AME T ER•O E S T I M A T E  
0 . 04 7 4 5 46 1  3 . 3 0 0 . 1 8 72 0. 0 14372 2 1  
0 . 0 0 0 57 7 8 2  0 . 0 7  0 . 95 5 1 0 . 0 08 1 8 4 9 0  
0 . 002 27 27 0 0. 84 0. 5 5 3 9  0 . 0 02 69449 
Fi g . 6 . 1  SAS pri nto ut  fo r depen dency of feedbac k l i ne l en gth  
o n  fT a nd Cc l i ne a rl y . 
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S A S  1 
1 1  2Z f R I D A Y , J uL Y  2 4 •  1 � 8 7  
G£ N E � Al L I N E AR � O O E L S  PROC E DUR E 
· cE P ENO [ N T  VAR IAB L E  CL 
SOURC E 
MJ O E l  
ERROR 
O F  
2 
SUM Of S QUAR E S  
0 . 0 0 00 7 1 2 1 
0 . 00 0 0 03 9� 
MEAN S Q U A R E  
0 .0 00 0 3 5 6 0  
0 . 00 0 0 0 3 9 2  
CO kR E CT E O  T O T A l  
1 
3 0 . 0000 75 13 
frOOE l F : 




cc•c c · 
SO UR C E  
cc 
cc•cc 
PARAM E T E R  
J NT ERC. E P T  
cc 
cc•c c 
Fi g . 6 . 2  
9 . 0 8  
c. v .  







E S TI MA T E  
- 0 . 0 5 8 5 55 5 6  
0 . 1 9 72 5 0 0 0  
- 0 . 076� ......... 
ROOT MSf 
o •. oo l9 7990 
T YP E  1 SS f 
o . ooo ooo o o  
0 . 0 0 0 0 7 1 2 1  
T Y P E  llJ SS f 
0. 00 007 1 00 
0. 000 0 7 1 2 1  
T FOR HO PR T 
P A R ANE T ER• O 
- 2. 1 8  0 . 2740 
lt. 2 6  O. llt69 
- lt . 26 O . llt67 
PR f - 0 . 2 2 8 4  
O L  " f AN 
0 . 0 55 1 3 7 50 
VALUE PR F 
o . o o  0 .9 9 8 0  
1 8 . 1 7  0 . 1  ... 6 7  
VALU E PR F 
1 8 . 1 1  0 . 1 46 9  
1 8 . 1 7  0 . 1 46 7  
S ID E RROR OF 
E ST I M A T E  
0 . 02 6 8 8 3 7 3  
0.046 3 1tt1 52 
0 . 0 1 805342 
SAS pri nto ut fo r dependency o f  feed ba c k  l i ne l en gth  
o n  Cc  quadrat i cal l y . 
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7 8  
F r om t h e  f i gure i t  c an b e  s e en that t h e  v a l u e  o f  F 
i nc reas ed g reat l y  by us i ng t h e  quadrat i c  mode l . Th e r e f o r e  
i t  c a n  b e  conc l uded that t h e  f e edback l i ne l en g th s e em s  t o  
depend on t h e  s quare o f  t h e  o u t put capac i tanc e Cc . 
2 )  Dependence o f  stubl i ne l ength on f
T 
and Cc 
From f i gure 6 . 3 i t  can be s een that the s t ub l i n e  
l eng th s t rong l y  depends on bo th f
T 
and Cc l i near l y . It 
c an al s o  be conc l uded t h a t  t h e  i nc r e a s e i n  f
T 
and Cc 
values d o e s  dec reas e the s tub l i ne l ength . The mode l u s ed 
i s  g i ven as fo l l ows 
D s tb = A 2  + B 2  Cc + C2  fT 
and from the r e s u l t s  the l i ne a r  mode l f o r  D s tb can be 
wr i t t en as fo l l ows -
D s tb = 0 . 1 5 7 8 8 8 3 6 - 0 . 0 7 9 5 9 9 9 4Cc - 0 . 0 0 1 5 8 8 0 1 f­
T 
3 ) Dependence o f  tuni ng capac i tor value on fT 
and Cc 
From f i gu r e  6 . 4  i t  c an be conc l uded w i th o n l y  
about 7 0  pe rc ent c on f i dence l ev e l  that the tun i ng 
capac i t o r  value does de pend on f
T 
and Cc . The mode l u s ed 
i s  g i ven as fo l l ows -
CT = A 3  + B 3  C c  + C 3  fT 
From the re s u l t s  obta i ned , the l i near mode l for CT can be 
wr i t ten as f o l l ows -
4 )  
C T  = 0 . 0 4 8 8 3 2 8 5 + 4 . 6 5 8 1 3 2 6 Cc + 1 . 9 0 8 3 5 7 3 5 f  
T 
Dependence o f  external Q value on f and Cc : -
T 
From f i gu r e  6 . 5  i t  c an be c onc l uded that t h e r e  i s  
a s t r ong l i near dependence o f  e x t e rnal Q value o n  f and 
T 




CORR EC T ED 




C: . 9998� 3  
SOUR C E  
cc 




PARAME T E R 
lNT ERC. f PT 
cc 
f T  
S A S  1 
1 1  22 f R I DAY , J U L Y  2 � , 1 S 8 7  
GEN ER AL L I N E A R  MOD E L S  PRGC E O UR E  
V A R I A B L E  C S T  
T O T A L  




3 1 8a . 5 s  
c . v .  







E S T I MA T E 
0 . 1 57 8 8 8 3 6  
-o. o 7959S9� 
-0. 0 0 1 5 8 80 1  
S U M  O F  S QUA� E S  
0 . 0000 0065 
0 . � 0 4 1 5�89 
PR 
ROO T M S E  
0 . 0 00 8 0 71 1 
T Y P E  I SS f VALUE 
0 . 0 04 1 3899 63 53 . 7 5  
0 . 00 0 0 1 5 25 23 . 4 1  
T YP E  1 1 1  SS f VAL U E  
0 .0 0 4 1 5 1 79 6 3 7 3 . 4 0  
0 .0000 1 525 2 3 . 4 1 
M E AN S Q UAR E 
0 . 0 0 2 07 7 1 2  
0 . 0 00 0 0 0 6 5  
F • 0 . 0 1 2 5  
D Sl M E A N  
0 . 049 5 6 50 0  
PR f 
o . oo8o 
0 . 1 2 9 8  
PR f 
o . o o8o 
0 . 1 298 
T FOR HO PA 
PAR AME T ER• O 
T STD E RROR Of 
ESJ UtA T E  
90 . 18 
- 79 . 8 3  
- 4 . 8 4  
0 . 0 0 1 1  
o. oo8o 
0 . 1298 
0 . 0 0 1 7 50 8 0  
0 . 0009 9 7 0 7  
0. 00032 824 
Fi g . 6 . 3  SAS pri n tout  fo r d e penden cy of s tubl i ne l en gth  o n  
fT a nd C c  l i nearl y .  
7 9  
� 
· CE P E NDCN T 
SOURC. E 
IIJ D E L  
E R ROR 
COR R EC T EO 
II&JDE L F = 
It- SQ UAR E 







PAR AME T ER 
INTE RC E P T  
cc 
FT 
SA S 1 
1 1  22 F R I DA Y , � UL Y  2 4 e 1 � 8 7  
GE N E R A L  L I N e A R  M C C E L S  PROC E C U R E 
� A R J AB L E  





6 8 . 6 0  
c . v .  
8 . 1 1 7� 
D F  
1 
1 
O f  
1 
1 
ES J J MA T E  
- 1 6 0 .9 94 22 792 
1 22 . 1 54 5 1 9 3 6  
59. 1 0 8 72 222 
S UM Of S QU A R E S  
2 867 0 . 6963 3 339 
20 8 . 9 8 1 1 2 3 36 
2 8 87 9 . 8 7 7 1t 5 6 7 5  
M E AN SQUAR E 
2 0 8 . 9 8 1 1 2 3 3 6  
P R  f a 0 .. 08 5 1  
ROO I MS E Q M E AN 
14 . �56 1 79"2 1 78 .08 8 2 5 0 00 
T Y P E  J SS 
7 � 6 . 392276 1" 
2 1 1 2 " . 50405725 
T YP E  J l l  SS 
9 77 7 . 52873499 
2 1 12 4 . 50 40 5 72 5  
T FOR HO PR 
PAR AM E T ER•O 
f VALUE PI\ f 
3 6. 1 1  0 . 1 0 50 
1 01 . 08 0. 063 1 
F VALU E PR � 
"6 . 7 9  0 . 0924 
1 0 1 . 0 8  0 . 06 3 1  
r · STD E RROR O F  
E S T I MA T E  
- 5 . 1 .3 
6 . 84 
10 . 0 5 
0 . 1 2 2 5  
0. 0924 
0 . 063 1 
3 1 . 3 5 8 73 0 1 8  
1 7 . 8 58645 5 8  
5 . 8 79 1 1 344 
Fi g . 6 . 4  SAS pri nto ut  fo r dependency o f  tun i ng ca pa c i to r  val ue  
o n  fr a n d  C c  l i nearl y . 
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· CE P E ND C N T  V A R l A�L E 
SO UR C E  
I'O D EL 
E RRO R 
COR R EC T ED T C T A L  
,..OD E L  f : 
It-SQUAR E 
C . 90 7436 






PARAME T E R  
INT ERC E P T  
cc 
fT 
SA S 1 
1 1  23 F R I DA � ,  J U L � 2 4 , 1 9 87 
G E N E R A L  L I N EAR MC�EL S PRO C E C UR E 
C T  
OF S UM Of S QU AR E S  M E AN SQUAR E 
2 3.3 . � 7 7 5 9 6 5 4  1 6 . 7 .3 8 7 9 S Z 7  
1 3 . 41 490346 3 .4 1 49 0 346 
3 36 . 89 2 50 0 0 0  
4 . 9 0 P R  F a 0 . 304 2 
c . v .  ROGT MSE CT MEAN 
1 5 . �96 4 1 . 8�79�.574 1 1 . 9 2500000 
O F  T YP E  I S S  F VAL.UE PR F 
1 1 1 .,.5833 3 33 3. 36 0 . 3 1 8 1  
1 2 2 . 0 1 9263 2 1  6 . �5 0 . 2 3 8 8  
D f  T Y PE I J J  ss F V AL U E  PR F 
1 1 4 . 2 1 833 546 4 . 1 6  0. 290 1 
1 2 2 .0 1 92 6 3 2 1  6 . 4 5  0. 2.38 8 
T FOR HO P R  r S T D  E RROR Of 
ES T I MAT E PARAME T E R• O  EST I MATE 
0 . 0� 88328 5 0 . 0 1  0 . 9922 4 . 0 08 6 1 32 1  
4 . 6 5 82 1 32 6 2 . 04 0. 290 1 2 . 2 8 2 8 8 5 8 9  
1 . 908 3 5 7 3 5  2 . 54 0. 2 3 8 8  0 . 7 5 1 53 2 08 
Fi g .  6 .  5 SAS pri nto ut fo r depen-de ncy o f externa 1 Q va 1 ue o n  
fT a nd Cc l i nea rl y .  
81 
Cc . I nc r e a s e  i n  t h e  v a l ue s o f  f
T 
and Cc s e em t o  i nc r e a s e  
t h e  val ue o f  Q .  Th e mod e l u s ed i s  g i ven as fo l l ow s  -
Q = A4 + B4 Cc + C 4  fT 
From the r e s u l t s  the mode l for Q can be wr i t t e n  as 
fo l l ows -
Q = - 1 6 0 . 9 9 4 2 2 7 9 2 + 1 2 2 . 1 5 4 5 1 9 3 6 Cc + 5 9 , 1 0 8 7 2 2 2 2 f
T 
FUTURE WORK 
The f i r s t  area f o r  t h e  next gradua t e  s t uden t  t o  
wo rk o n  i s  t h e  improvement o f  t h e  h i gh fre quenc y mode l o f  
a t ran s i s t o r . I n  the p r e s e n t  r e s earch work , an emp i r i c a l  
rul e was u s ed , bas ed o n  Vende l i n
'
s mode l , t o  ac c oun t f o r  
th e d i s t r i bu t ed nature o f  C c  and Th e rat i o s  o f  
d i f fe r ent capac i t o r  and r e s i s t o r  val u e s  i n  t e rms o f  C c  and 
r
bb
' r e s pec t i v e l y  w e r e  ba s ed on the va l ue s  g i ven f o r  a 
pe r t i cu l ar t ran s i s t o r . A f u t u r e  g raduate s tudent can work 
on deve l op i ng a mo re accurate r u l e to acc ount for the 
d i s t r i but i on natu r e  o f  Cc and r
bb
' .  Th e  s ec ond area t o  
work on i s  the depend e n c e  o f  fe edback l en g t h  o n  t h e  
t rans i s t o r parame t e r s , e s pe c i a l l y  on Cc . From the p r e s e n t  
re s earch work , i t  c a n  be c onc l uded t h a t  the fe edback l i n e  
l ength do e s  not s e em t o  depend on t h e  fT o f  th e t rans i s t o r  
wh i c h was a s s umed be f o r e  t h e  s t a r t  o f  th i s  wo rk . Howe v e r  
i t  appear s  t h a t  t h e  f e edback l i ne l ength do e s  depend o n  
t h e  output capac i t an c e  o f  t h e  t rans i s t o r . Hence i t  s e em s  
to be wo r thwh i l e f o r  t h e  n e x t  s tuden t  t o  s t udy the e f f e c t  
82  
o f  Cc on fe edback l i n e  l eng t h , f o r  a l a r g e r  numbe r o f  
t rans i s t o r s  than u s ed i n  t h i s  r e s earch . I n  add i t i o n , o th e r  
parame t e r s , s uc h  a s  h
f e
' s h o u l d  b e  t e s ted . 
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A P P E N D I X 
- - � - - - - - - - - - - - - - -
APL FUN CTION TO CALCU LATE S AND Y PARAMETERS . 
V TR A N S I S T( u j v 
[ O J  r"if- TR A N S I S T  F ; A ; B ; C ; D ; M I 
[ 1 ]  Wf-0 2 X f  
[ 2 ]  WTf-0 2 ): f T  
[ 3] C 1 �0 r 29464 3 x C C 
[ 4 ] C2�0 . 31 2 5 x C C  
[ 5] C 3t-0 . 2 5 X C C  
[ 6 ] C4•0 . 1 4 2 8 5 7 X CC 
[ 7] R B B+- TC -:- C C  
[ 8) R 1 �0 . 0 24 69 X iBB ­
( 9J R2+-0 . 4 3 2 1 X R BB 
[ 10J R 3+-0 . 54 32 1 X RB B  
[ 1 1 J  GM+- 1 C +2 t· 
[ 1 2 J  R E Ef- 1 -:- G M  
[ 1 3 l R P+- H J i x R I E  
[ 1 4 l  C P • i + < R I E x WT >  
[ 1 5 ]  A � R B -:- < < RB x R B ) + ( WX W ) X ( LB x L B ) ) 
[ 1 6 ]  B� ( Wx LB ) + ( ( R B x P. B ) + ( Wx W) x ( L B x L B ) ) 
[ 1 7 J C•R I +< < R i x R i l + ( Wx W) x ( L E X L E ) ) 
[ 1 8 ]  D� < Wx L E ) + ( ( R E x R E ) + ( Wx W ) x ( L[ X L E ) ) 
[ 1 9 ]  '* 2 7 7 �0 -
( 2 0 J t-1( 1 ; 1 ; 1 J f- A 
( 2 :1 J H[ 1 ; 1 ; 3 J f- - A  
[ 22 J  M[ 1 ; 2 ; 2 J • 1 � R4 
. [ 2 3 J NC 1 ; 2 ; 6 J • G M 
contd . - - - - -
[ 24 J  M[ 1 ; 2 ; 7 J � - G M  
[ 25 J  M[ 1 ; 3 ; 1 J � - A  
[ 2 6 J  M[ 1 ; 3 ; 3 J • A + < 1 + P 1 > 
[ 2 7 J  M[ 1 ; 3 ; 4 J � -1 + R 1  
£ 2 8 J  M£ 1 ; 4 ; 3 J + -1 + R 1  
[ 29 l  Mr 1 ; 4 ; 4 J � < 1 �R 1 ) + ( 1 + R 2 >  
C 30 J  M£ 1 ; 4 ; S J • -1 + i 2  
£ 31 ]  M[ 1 ; 5 ; 4 J • -1 +R 2  
[ 32] MC 1 ; 5 ; 5 J • < 1 + R 2 ) + ( 1 �i 3 )  
[ 33l MC 1 ; 5 ; 6J • -1 + R 3  
[ 34 J  M£ 1 ; 6 ; S J • -1 +R 3  
[ 35 J  HC 1 ; 6 ; 6 J + ( i + R 3 > + < 1 +R P >  
[ 36 J  MC 1 ; 6 ; 7 J • -1 +RP 
[ 3 7J  M[ 1 ; 7 ; 6 J •< -1 + R P > -GM 
[ 38 J  M[ 1 ; . 7 ; 7 J + ( i + R F > + GM+ C 
[ 39 J  M[ 2 ; 1 ; 1 J + - B  
[ 40 J  MC 2 ; 1 ; 3 J + E  
[ 4 1 J  H( 2 ; 2 ; 2 J + Wx < C 1 + C2 + C 3 + C4 >  
[ 4 2 J  M[ 2 ; 2 ; 3 J + - WX C 1  
[ 4 3 J  MC 2 ; 2 ; 4 J + - Wx C 2  
C 44 J  Mr 2 ; 2 ; 5J • - wx c 3  
[ 4 5 J  M[ 2 ; 2 ; 6 J • - wx c4 
£ 4 6 J  Mr 2 ; 3 ; 1 l + E 
[ 4 7 )  M( 2 ; 3 ; 2 J + - WX C i  
[ 4 8 ]  M[ 2 ; 3 ; 3 J � - B + ( Wx C 1 > 
co ntd . - - - - -
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[ 4 9 ] 
. . [ 50 ]  
[ 51 ]  
[ 5 2 ]  
[ 5 3 )  
[ 54 ]  
[ 5 5 ]  
[ 56 ]  
[ 57 ]  
[ 5 8 ] 
[ 5 9 ]  
[ 60] 
[ 61 J  
[ 62 J  
[ 6 3 ]  
[ 64 ]  
[ 6 5 ]  
[ 6E. J  
[ 6 7 ]  
[ 68 ]  
[ 69 ]  
[ ?O J  
[ 71 ] 
[ 7 2 )  
[ 7 3 ]  
M[ 2 ;  4 ; 2 J  +- - W�'( C 2  
M( 2 ; 4 ; 4 J +- W:r: C 2 
Mr 2 ; 5 ; 2 J +- - W� C 3  
f-1( 2 ; 5 i 5 J + W X (: 3 
M( 2 ;  6 ;  2 J +- - W): C4 
MC 2 ; 6 ; 6 J � Wx < C P + C4 >  
M[ 2 ; 6 ; 7 J +- - Wx C P  
M[ 2 ; 7 ; 6J +- - WX C P  
M[ 2 ; 7 ; 7 J • ( Wx C P > -D 
M I  • <  C t1 I  NV t1 > .:- 50 
A 1 � M J [ ; 1 ; 1 J -< 1 � 0 ) 
A 2 • M I £ ; 1 ; 1 J + ( 1 , 0 > 
A 3• MI [ ; 2 ; 2 J + ( 1 , 0 > 
A4• M I [ ; 2 ; 2 J - ( 1 , 0 >  
A 5• M I [ ; 1 ; 2 J C MU L  M I [ ; 2 ; 1 J 
A6• C ( A 2 CHU L A 3 l - A 5 > 
5 1 1 +- < < A i CMUL A 3 ) - A5 > C D I V A 6  
S 1 2+- 2 X M1 [ ; 1 ; 2J C D I V A 6  
5 2 i +-2 x M I ( ; 2 ; 1 J CD I V A 6  
S 22+-< C A2 C MUL A4 > -A 5 > CD I V A 6  
S1 1 A• P O L A R  5 1 1 
S 1 1 A ( 2 ; J • i 80 x S 1 1 A [ 2 ; J +0 1  
S1 2 A• P O L A R  S 1 2 
S 1 2 A [ 2 ; J • i SO � S 1 2 A [ 2 ; J +o1 
S 2 i At- P O L � R  S 2 i  
co ntd . - -- - -
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[ 74 ]  S 2 1 A [ 2 ; l �1 80 x S 2 i A ( 2 ; J +o1 
[ 75 J S 2 2 A• P O L AR S22 
[ 76 ]  S 2 2 A ( 2 ; l � 1 SO x S 2 2 A [ 2 ; l +01 
[ 77 J  M I A� ( Ml [ ; 1 ; 1 J ) X 50 
[ 7 8 J  MI B� ( M 1 [ ; 1 ; 2J ) X 50 
( 7 9 ]  MI C•< Ml [ ; 2 ; 1 J ) X 50 
[ 80 J  MI D• < M I ( ; 2 ; 2J ) x 50 
[ 81 J  A 7+ H I A C MU L  MI D 
[ 82 J  A S+ M I B - C MU L  MI C 
[ 83 J  A 9t- A 7 - AS 
[ 84 J  Y1 1 • M I D C D I V  A 9  
[ 85 J  Y1 2+ -H I B C D I V  A 9  
[ 86 ]  Y2 1 + -M I C C D I V A 9  
[ 8 7] Y2 2t- M I A C D J V A9 
[ 88 J  Yt- 2 2 2 pO 
[ 8 9 J  Xt-o 2 x r x DL + V  
[ 90 J  Y[ 2 ; 1 ; 1 l + - Y0 + 30 X  
[ 91  J Y 1 1  L f- Y[ ; 1 ; 1 l 
[ 92 J  Y[ 2 ; 1 ; 2 J + Y O x 3o X 
[ 9 3 J  Y1 2 L t- Y( ; 1 ;  2 J  
[ 94 J  Y[ 2 ; 2 ; 1 J t- YO x 3o X  
[ 95 ]  Y2 1 L+ Y[ ; 2 ; 1 J 
[ 96 )  Y[ 2 ; 2 ; 2 l • - Y0 + 30 X  
( 9 7 ]  Y2 2 L • Y[ ; 2 ; 2 J 
[ 9 8 J  Y1 1 C� Y1 1 L + Y1 1  
co ntd . - - - - -
8 7  
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[ 99]  Y1 1 C A +- Y1 1 ex 500 
[ 1 00 ]  Y1 2 C+- Y1 2 L + Y1 2  
[ 1 0 1 ] Y1 2 CAf- Y1 2 C x SOO 
( 1 0 2 ]  Y21  C +- Y2 1 L + 12 1 
( 1 0 3 ]  Y21 C A+ Y2 1 C x 500 
[ 104 ] Y2 2 Cf- Y2 2 L + Y22 
[ 1 0 5 ]  Y22 CAt- Y2 2 C X 500 
[ 1 0 6 ]  A At-< 1 , 0 _> - Y 1 1  C A 
[ 1 0 ? ]  BBt- < 1 , 0 > + Y1 1 C A 
[ 10 8 ]  CXt- ( 1 , 0 > - Y2 2 CA 
[ 10 9 ]  D D t- ( 1 , 0 > + Y2 2 C A  
[ 1 1 0 ]  1 Et- Y2 1 C A C MU L  Y1 2 C A  
[ 1 1 1 ]  Fft- < B B  CMU L  DD > -II 
[ 1 1 2] S 1 1 T+-< < AA C MUL D D > + EE > CD I V FF 
[ 1 1 3 ] S1 2 Tt- <  -2 x Y1 2 CA > CD I V r r  
[ 1 1 4 ]  S21 Tt- (  -2 x Y21 C A > CD I V F F  
[ 1 1 5 J S 2 2 T+ < < B B C MU L  CX) + £I ) C D I V f F  
[ 1 1 6 ) S1 1 P+ P O L A R  S 1 1 T  
- [ 1 1 7 ] S 1 1 P ( 2 ; J t- 1 80 X S 1 1 P[ 2 ; J +0 1 . 
[ 1 1 8 ) S 1 2 Pt- P O L A R  S 1 2 T  
[ 1 1 9) S 1 2 P [ 2 ; J t-1 BO x S 1 2 P [ 2 ; J +0 1  
[ 1 20 )  S 2 1 P +- P O L A R  S 21 T  
[ 1 2 1 ) S 2 1 P [ 2 ; l f- 1 SO x S 2 1 P [ 2 ; ] f0 1  
[ 1 2 2 ]  S 2 2 F' +- P O L A R  S 2 2 T  
[ 1 2 3 ]  S 2 2 f [ 2 ; J + 1 80 x S 2 2 P ( 2 ; J +o 1 
[ 1 24 ] YO U T• Y2 2 C - ( ( Y1 2 C C HUL Y21 C > C D I V y 
1 1 C )  
************�* ****** 
APL FUNCTION  TO CALCU LATE OUTPUT ADMI TTANCE O F  AN 
OSC ILLATOR C I RCU I T .  
� (1 5 (: [  [j J -v 
[ O J  XZ+ O S C  F ;  H 
[ 1 J XZ+ 1 2 (J0 
[ 2J  Mf- TR A N S I  S T  F 
[ 3] YCTR+ \ O , Wx C Ti )  
[ 4 J YC T+ ( O , Wx C T >  
[ 5J YC T1 t- ( O , Wx C T1 ) 
[ 6 J YS 1+ ( 0 , - Y0 f 30 ( Wx D S TB � V) ) 
( 7 J  Y1 1 C Hf- Y1 1 (; +  YC T 
[ 8] Y1 2 C t# Y1 2 C  
[ 9 J  Y2 1 C Mt- '12 1 C 
[ 1 0 J  Y22 C M+  Y2 t: C +  YC TR + YS T+ YC T1 
[ 1 1 J  'f1 1 CMP+ Y1 1 C Mx 500 
£ 1 2J Y1 2 C MP t- Yi 2 C Mx SOO 
[ 1 3 ]  'f21 CHPt- Y2 1 CMx SOO 
[ 14 ]  Y22 C HPt- Y22 CMx SOO 
[ 1 5 ]  A � At- ( 1 , 0 > - Y1 1 C MP 
£ 1 6 ]  B B B + < 1 , 0 > + Y1 1 C MP 
[ 1 7l € XC+ < 1 , 0 > -Y22 CMP 
[ 1 8 ]  D D D t- ( 1 , 0 l + Y2 2 CMP 
[ 1 9 J  Iilf- Y21 CMP C MU L  Y1 2 C MP 
[ 20 J  F F Ff- C B B B  CMUL D D D > - I I I  
[ 2 1 J  S i 1 CM• < < A A A  C HU L  D D D ) + IEI > C D I V i ff 
[ 2 2 J  S 1 2 C Mt- <  -2 x Y1 2 C Hl ) C D  I V  r r r  
[ 2 3 J  S 2 1 CMt- (  -2 x Y21 C MP > CD I V FFF 
[ 24 J  S 2 2 C� < < B B E  C MU L  C XC > + I E I > CD I V F f i  
[ 2 5 ]  S1 1 CMP+ P O L A R  5 1 1 C M  
[ 2 6 J  S 1 1 C MP [ 2 ; J + 1 80 X S 1 1 CMP E 2 ; J �O i  
[ 2 7 J  S 2 2 C MP+ P O L A R  S 2 2 C H  
[ 2 8 ]  S 22 C HP [ 2 ; J + 1 SO x S 2 2 C HF [ 2 ;- ] �o 1  
( 2 9 J  S 1 2 C MP+ P O L A R  S 1 2 C M  
[ 30 J  S 1 2 C MP [ 2 ; J + 1 80 X S 1 2 C MP( 2 ; J �0 1  
[ 3 1 J  S 2 1 CMP• P O L A R S 2 � C M  
[ 3 2 J  S 2 i CMP [ 2 ; J t- 1 60 X S 2 1 CMP C 2 ; J �0 1  
[ 3 3 J  YO U T1 + Y2 2 C M - < < Y21 C M  C HU L  Y1 2CM > C D I  
· V Y1 ! C M )  
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STUB LINE  LENGTH AND CARRY OUT FREQUENCY RES PONS E . 
v F R EQRE S P ( O J �  
[ O J Z� F R EQRE S P  F ; K ; N ; M  
[ 1 J  N • p F• F x i OOOOOO 0 X• i 
r 2 J  z� 2 o p O  
[ 3 J  L 1  : t1f- TRA N S  I S T  f( KJ ¢· Z• Z ,  < < 2 ,  1 > p (  , Y 
2 2 ) ) 0 � < N l K• X+ i ) / L i  
vrBLENGTH£ D l 9  
[ OJ Z• FBL!N �TH U ; X ; N ; XZ ; M 
[ 1 J  Nf- p U  ¢ K•i 
r 2J z� 2 o pO 
[ 3J L 1 : D L• U[ KJ 0 XZ• O S C  F 0 Z•Z , ( < 2 , 1 ) p  
< , YO UT1 > >  0 � < N l X• X+ 1 ) /L 1  
v S TL E N G TH( D J 9  
[ OJ S L• S TLI N G TH U L ; X ; N ; Z 
( 1 J N� p U L  0 X+ i 
[ 2] S L• 2 0 pO 
[ 3J L1 : D S TB• UL[ KJ ¢ XZf. O S C  r ¢ S L + SL � < <  
2 , 1 ) p( , YQ U T1 > >  0 � < N l X+ K + 1 ) /L 1  
� C O 'v'I R (  D J 'V 
[ OJ Z• C O IJER F ; K ; tl ; XZ ; H 
[ 1 ) N � p f• f x 1 000000 ¢ Kf- 1 
( 2J Zf- 2 0 (J0 
[ 3J L 1 : XZ• O S C  f[ KJ 0 Z• Z , < < 2 , 1 ) p ( , YOUT:1 
) ) 0 � C Nl K•K+ 1 ) / L1 
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